INTRODUCTION
M odern infrared (IR), near-infrared (NIR), and Raman spectrometers have made it relatively straightforward to obtain highquality vibrational spectra of a variety of samples with little or no sample preparation. 1, 2 Infrared and Raman bands originate from the optical excitation of molecular vibrations, each of which potentially involves the motion of every atom in the molecule. This situation is in contrast to mass spectrometry and NMR, where peaks are assignable to individual mass/charge ratios of molecular fragments or individual nuclear spins, respectively. As a result, vibrational spectra are very information rich but are often more difficult to interpret. A tremendous amount of chemical and molecular-structure information is contained in vibrational spectra; however, it often lies buried under broad line profiles, particularly in condensed-phase samples. These broad natural line shapes arise because vibrational spectra often change significantly due to matrix and environmental effects. This means that using a higher resolution spectrometer often does not improve the spectra, as it does in mass spectrometry and nuclear magnetic resonance (NMR). Although this line broadening can impede our ability to precisely and accurately interpret every spectral feature from first principles, it makes vibrational spectroscopy an extremely sensitive technique for probing the effect of subtle perturbations on the matrix or environment of a sample. Molecules vibrate in a variety of different local environments, each of which can subtly affect the vibrational frequency and intensity of the absorbance band. Exploiting the unique sensitivity of IR and NIR spectroscopy to perturbations in the sample environment, both temporally and spatially, will certainly enhance the future practical utility of these techniques.
The fact that mid-infrared (MIR) and NIR spectra are extremely sensitive to small environmental differences that exist among sets of spectra enables real-world commercial products, agricultural commodities, industrial processes, etc., to be compared and monitored. Similar products can be differentiated. Commodities or crops can be compared and their origins can often be established from models generated from the spectral data sets. Processing of materials and products can be monitored through examination of spectral changes as a function of time, temperature, pH, etc. These effects occur for materials of the same chemical composition, indicating the breakdown in the Beer-Lambert's law. 1, 3 This paper demonstrates how seemingly subtle differences among large collections of MIR and NIR spectra can be used to discriminate important property parameters.
COMPOSITION-INDUCED VARIATION IN THE INFRARED SPECTRA OF LIQUID DETERGENTS
Composition differences in mixture systems can be analyzed by using principal component analysis (PCA) to differentiate or categorize them. The spectral variations can be either naturally occurring or deliberately produced. In this example, PCA was used to examine spectral differences in a set of 289 Fourier transform infrared (FT-IR) spectra of ten different liquid detergent products. 4 Neat samples, taken directly from the product bottles, were analyzed by using a horizontal attenuated total reflection (ATR) accessory (Spectra Tech, Inc.). Each of the 289 liquid detergents sampled came from a different bottle of product. Figure 1 shows a score plot of principal component 1 versus principal component 3, demonstrating that each of the ten liquid detergent samples can be discriminated from the others. In this case, the more concentrated formulations appear at the top of Fig. 1 . 4 As long as the IR spectral variation within a particular product is less than the difference between products, it should be possible to discriminate this set of products. Likewise, if the manufacturer changed the composition or modified the formulation in some manner, it is likely that IR spectroscopy would be able to detect this change as an outlier in this model. If a particular batch or lot of a product happened to be produced significantly out of specification, it should also show up as an outlier. Figure 2 shows the mean and standard deviation spectra of 142 separate samples of one of the ten liquid detergent samples represented in Fig. 1 . This plot shows that the standard deviation of the variation is less than 1% of the mean spectrum for all wavenumbers shown. It is interesting that even though the water FIG. 1. Cluster plot of the scores of factor 1 versus the scores of factor 3 obtained from the PCA of a set of 289 IR spectra of ten different detergent products. 4 band at 1650 cm -1 is the strongest band in the spectrum, it is not varying as much among the 142 samples as other bands in the spectrum. The apparent noise in the standard deviation spectrum between 1800 and 1400 cm -1 is due to a real variation in the amount of water vapor present in the spectrometer during the measurements.
POLYMER BLEND MORPHOLOGY VARIATIONS INDUCED BY COMPOSITION AND TEMPERATURE PERTURBATIONS
Infrared spectroscopy is a very sensitive means to examine the submolecularlevel interactions of polymer blend components. Spectra were collected on a series of blends of poly(lactic acid) (PLA) and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(3HB-co-3HHx)
or Nodax e ), where 13.4 mol% of the monomer units are 3-hydroxyhexanoate (3HHx) and the rest are 3-hydroxybutyrate (3HB). 5 This blend system is of special current interest, as both polymers are biodegradable plastics made from renewable resources. 6, 7 The structures of PLA and P(3HB-co-3HHx) are given in Scheme 1.
All IR spectra were recorded on a Digilab FTS-6000 FT-IR spectrometer equipped with a temperature-controlled Golden Gatet (Specac) attenuated total reflection (ATR) accessory and a mercury cadmium telluride (MCT) liquidnitrogen-cooled detector. The internal reflection element (IRE) used was made of type-II diamond and the sample area interrogated was about 0.6 mm in diameter. A total of 100 interferogram scans were co-added, fast-Fourier transformed, and ratioed to a 100-scan spectrum of the clean diamond IRE collected at the same temperature. Background spectra were collected at each temperature (40, 60, 80, 100, 120, 140, and 160 8C) immediately prior to the deposition of each of the blend samples. All spectra were collected at a spectral resolution of 4 cm -1 and plotted in absorbance. Figure 3 shows the IR spectra in the carbonyl-stretching region of two selected PLA/Nodax e blends (50/50 and 80/ 20) recorded as the temperature was being raised from 40 to 160 8C. The pair of bands appearing near 1750 cm -1 are due to PLA. Examining the spectra of the 50/50 blend first, we see that the sharp (crystalline) Nodax e band around 1720 cm -1 broadens and shifts to higher wavenumber in the 160 8C spectrum. The PLA bands also broaden but can still be distinguished. The carbonyl-region spectra of the 80/20 blend, on the other hand, show much less difference between the 40 and 160 8C spectra, suggesting that the Nodax e component of the blend did not initially crystallize very much at this composition. This is an important finding, in that the 80/20 blend material has the potential to be tougher and more ductile than the 50/50 blend, where substantial amounts of crystallinity exist in the Nodax e component of the blend near room temperature. In addition, this sample film has properties far superior to pure PLA, which is extremely brittle at this temperature.
A PCA score plot of factor 1 versus factor 3 is shown in Fig. 4 . The PCA SCHEME 1. Structures of PLA and P(3HB-co-3HHx).
FIG. 2.
Mean and standard deviation spectra computed from a set of 142 IR spectra of a single liquid-detergent brand. 4 model was constructed from the entire set of 179 spectra in the study using mean-centered data and the complete spectral range between 4000 and 550 cm -1 . The score plot shows that each blend composition can be clearly separated from the other 10 and that the blends showing the least variation within a cluster are the blends where less crystallization occurs. Figure 5 shows a diagram of the dynamic infrared linear dichroism (DIRLD) experiment. In this experiment, a polymer film sample is mechanically perturbed by a small-amplitude oscillatory strain while being probed with polarized IR radiation. The mechanical perturbation induces submolecular-level reorganization of the system, which is represented by time-dependent changes in the IR linear dichroism. The time-resolved IR instrument used here to collect the data has been described in detail elsewhere. 8 It consists of a polarization-modulation dispersive IR spectrometer attached to a dynamic mechanical analyzer.
RHEOLOGICAL PERTURBATIONS
The dynamic dichroic difference spectra of a thin film of poly(b-hydroxybutyrate) (PHB) in the CH stretching region, which are in phase with and quadrature to (i.e., 90 degrees out of phase with) the applied sinusoidal strain, are shown in Fig. 6 . 9 Note that these dynamic spectra are three to four orders of magnitude less intense than the normal IR absorbance spectrum, also shown in Fig. 6 . Note that the antisymmetric CH 2 stretching band at 2935 cm -1 clearly shows two components of opposite sign in the in-phase dynamic dichroic difference spectrum, even though the normal IR absorbance suggests there is only one band. It has been shown elsewhere 9 that only the higher wavenumber component of this band (assigned as amorphous) interacts with the ethoxylate group of poly(ethylene oxide) when these two polymers are blended. This example shows how a dynamic small-amplitude strain perturbation can provide insights into the interaction of polymer blend components at the molecular level.
SPECTRAL IMAGING
The combination of vibrational spectroscopy and imaging is a powerful technique for extracting chemical insights from two-dimensional pictures. [10] [11] [12] [13] The spectrum provides a third dimension through which the chemical information of the system is examined, thereby enhancing the information content of the image. The development of MIR and NIR focal- plane array (FPA) detectors, initially designed for military applications, opened the door to the possibility of scientific spectral imaging, where a complete spectrum is obtained at each pixel/element of a FPA. This type of measurement results in a data cube consisting of spatial information in the x and y planes, while spectral information is available in the z direction of the data cube, as shown in Fig. 7 .
Fourier Transform Infrared Microspectroscopic Imaging. Figure 8 shows an IR spectral image of a 5 lm thick hematoxylin and eosin (H&E) stained breast tissue section mounted on an IRreflective slide (MirrIR, Kevley Technologies).
14 These slides transmit visible light but reflect 90% of the IR radiation.
It is necessary to collect the IR spectra in reflection mode, because glass does not transmit IR radiation well. The sample was an archived formalin-fixed paraffinembedded tissue specimen. The section was deparaffinized, H&E-stained, and cover-slipped using glycerol (Matheson, Coleman, and Bell, spectroquality grade). At least 30 minutes prior to analysis, the specimen mounted on the IR-reflective slide is immersed in distilled water for at least 5 minutes to remove the coverslip. After removing the coverslip, the specimen is immersed and gently agitated in three separate water rinses. The specimen is left to dry for at least 15 minutes before IR measurements are made. IR measurements were made on a Spectral Dimensions Insight spectrometer equipped with a modified-for-step-scan-operation Oriel interferometer, a Spectra-Tech Infinity microscope with a 153 objective, a 64 3 64 MCT FPA detector, and a Javelin charge-coupled device (CCD) visible camera. A spectral resolution of 16 cm -1 and an under-sampling ratio of 8 were used, resulting in an image cube with a spectral range of 1975-0 cm window position, and flat-fielded using a 2-point calibration. Figure 8 also shows a visible image collected in transmission off the MirrIR slide. Note that the blood vessels stain red, the epithelial cells stain blue, and the connective tissue, or stroma, stain pink. The white areas are where fat was located before its removal in the depariffination procedure. Preparing the slides in this manner on IR-reflective slides enables there to be a one-to-one correspondence between histological features identifiable to a pathologist and the IR reflection spectrum collected on exactly the same specimen. Once the hyperspectral data cube is collected, the spectra can be analyzed by using PCA. The PCA score plot of the spectra shown in Fig. 8 (generated by using ENVI software, ITT Visual Information Solutions) shows areas where similar spectra are grouped. The red pixels in the score plot and their corresponding locations in the IR image represent blood vessels. The blue pixels represent epithelial cells, and the purple pixels represent connective tissue or stroma. The FT-IR spectra shown in Fig. 8 represent the average spectra of the red, blue, and purple pixels, respectively. There are subtle but clear spectral differences between these three tissue types that would be missed in a bulk IR spectral examination of the specimen, where all the features would be highly overlapped.
Near-Infrared Spectral Imaging. Typically, a MIR or NIR spectrum of a bulk mixture sample is capable of discriminating minor components at levels down to a few percent. This limit may be somewhat lower for Raman spectra if the low-level component of interest is a strong scatterer compared to major components. Nevertheless, spectral imaging can lower the detection limit of minor components substantially if the sample is inhomogeneous and the spatial resolution of the detector is good enough to detect local regions of higher concentration. In other words, what ultimately determines the detection limit is the percentage of a chemical species within an individual pixel or spatially resolved spectrum.
So hypothetically, if an individual detector element in an array of detectors has good enough signal-to-noise ratio 6 . In-phase and quadrature dynamic dichroic difference spectra and normal IR absorbance spectrum of poly(b-hydroxybutyrate). 9 (S/N) that a 10% concentration of a particular species can be detected, the ultimate detection limit could be as low as 0.1 divided by the total number of detector elements or pixels in the spectral image. Thus, if a particular spectral image of 100 000 pixels has only one pixel with a low-level analyte, contaminant, or adulterant present at 10%, the detection limit for that analyte would be 1 ppm (assuming the pixel (or ''needle'') can be located in the image (or ''haystack''). One normally doesn't think of MIR or NIR spectrometry in terms of those detection limits, but spectral imaging can make this possible. An example of this is shown in Fig. 9 .
The spectral image of 30 ppm crystalline melamine mixed with wheat gluten shown in Fig. 9 was collected by using a HySpec e Hyperspectral Imager (OPOTEK, Inc.). 15, 16 The illumination source consists of an optical parametric oscillator (OPO) pumped by a Nd:YAG laser, providing 5 ns pulses at a 10 Hz repetition rate and a wavelength tuning in the range of 410 to 2150 nm (Vibrant 355 II, OPOTEK, Inc.) that provides megawatts of peak power in nanosecond-width pulses. The narrow-bandwidth source (5 cm -1 ) provides a spectral resolution of ,1.5 nm at 1650 nm. The 20-mm-pitch liquidnitrogen-cooled 640 3 512 InSb (Lockheed Santa Barbara Focalplane) detector employed in the measurement provided an overall spectral range of 1000-2150 nm. The spectral data cube was collected from 1300 to 1600 nm using 1 nm steps, and ten separate laser pulses were averaged for each wavelength. System control software corrects each image for dark current, illumination uniformity, and spectral response of the lens/detector; illumination uniformity and response are corrected by means of a calibration file collected by using a nearly perfect Lambertian reflector (Spectralon, Labsphere, Inc.) placed in the sample plane. Bad pixels are corrected on camera by a manufacturerdetermined system. Each image is linearized in intensity and corrected for pulse-to-pulse variation in source intensity by means of four Spectralon disks with reflectivity varying from ,5% to 99% located within the field of view.
The image on the left of Fig. 9 is the corrected reflectance image at 1454 nm. Each pixel in the image corresponds to about a 25 lm 3 25 lm area of the sample. The black circle represents a selected region of 64 074 pixels that were analyzed using PCA (PLS and MIA Toolboxes, Eigenvector Research, Inc.). Analysis of the resulting PCA score plot of the second derivative of the spectra revealed two outlier pixels, whose average regular reflectance spectrum is shown in red. The black spectrum is the average of all 64 072 spectra within the black circle. The red spectrum is an exact match with a crystalline melamine reference spectrum.
Although other NIR imaging systems are capable of performing these types of measurements, the system described here is particularly suited for two main reasons: (1) The narrow spectra bandwidth of the tunable laser source (,1 nm) allows the crystalline melamine band to stand out better against the broad wheat gluten background band profile. ( 2) The large number of pixels on the focal plane array camera and the match of the pixel size with that of the melamine crystal enabled its spectrum to be extracted cleanly in the presence of the large wheat gluten background signal. Although the spectral imaging data shown in Fig. 9 represents the coaddition of ten frames per wavelength, this instrument is capable of collecting images at one frame per wavelength (or ten wavelengths per second). 15, 16 Operating at higher speeds in fast-scan mode would lower detection limits further for these ''needle-in-a-haystack'' type experiments because larger samples could be scanned in the same amount of time. This example shows how the power of spectral imaging can make a technique such as NIR spectroscopy, generally thought not to be capable of detecting low-level contaminants, much more sensitive.
CONCLUSION
By virtue of the dependence of vibrational spectra on environmental and matrix effects, mid-and nearinfrared spectrometry are sensitive probes of differences among sets of samples. Thus, vibrational spectroscopy is often better suited for classification than it is for quantitation.
There is a rich abundance of useful information hidden under the broad band shapes of condensed-phase midand near-infrared spectra, which requires better extraction methods. More researchers need to be trained in spectral interpretation in order to take better advantage of the right information content of spectral data that current instrumentation is capable of producing.
Mid-and near-infrared spectral imaging can provide important chemical insights into a variety of sample types. Under the right conditions, quantitation at the level of parts per million is possible.
Calculations of vibrational spectra should play an ever increasing role in helping us extract more information from our spectra. By taking better advantage of the unique sensitivity of vibrational spectra to subtle changes induced by perturbations of the molecular environmental and spatial distributions, we can increase the impact of the field.
